This paper describes an aspect of a set of turning experiments performed in attempt to model, predict and optimize the machining induced vibration and surface roughness as functions of the machining, tool and work-piece variables during hard turning of 41Cr4 alloy special steel, with standard cutting tool, on a conventional lathe. Amongst others, the input variables of interest include the depth of cut, feed rate and tool nose radius. The response surface methodology, based on central composite design of experiment, was adopted, with analysis performed in Design Expert 9 software environment. Quadratic regression models were suggested, and proved significant by an analysis of variance, for the machining induced vibration of the cutting tool and surface roughness of the work-piece. They also have capability of being used for prediction within limits. Analysis of variance also showed the depth of cut, feed rate and tool nose radius have significant effect on the machining induced vibration and surface roughness. Whereas the depth of cut has dominant effect on the machining induced vibration, the tool nose radius has dominant effect on the surface roughness. The optimum setting of the depth of cut of 1.33095 mm, feed rate of 0.168695 mm/rev, and the tool nose radius of 1.71718 mm is required to minimize the machining induced vibration at 0.08 mm/s 2 and surface roughness at 6.056 µmm with a desirability of 0.830. Jongprasithporn [11] , Abhang and Hameedullah [12], Manu et al [13], Makadia and Nanavati [14], Kannan et al [15], Phate and Tatwawadi [16], Bhuiyan and Ahmed [17], Manohar et al [18],
Introduction
A company's survival in global competition essentially depends on the quality of its products and services. Surface roughness, which is believed to have some level of dependence on the machining induced vibration, remains the most critical amongst the quality criteria as demand for quality and tight tolerances in metal cutting keep increasing. As an obligation for processes to work properly in time and at all times, it is of necessity that machined component manufacturers adopt better approaches to ensure that high quality products and services are produced. This drive for quality, and sometimes performance, has motivated efforts leading to the search for optimization techniques, and a shift from the use of traditional to non-traditional techniques, such as reviewed in Aggarwal and Singh [1] ), and in Kumar and Uppal [2] . Amongst the non-traditional techniques, the use of response surface methodology (RSM) has attracted the attention of many researchers. As such, most aspects of the turning operations have been investigated using RSM in attempt to model, predict and optimize quality and performance characteristics as functions of the machining, tool, work-piece and environmental variables. Amongst these efforts, and relevant to this work, are the works of Ozcakar and Kasapoglu [3] , Abhang and Hameedullah [4] , Sahoo [5] , Abhang and Hameedullah [6] , Sastry and Devi [7] , Srinivasan et al [8] , Ramudu and Sastry [9] , Aruna and Dhanalaksmi [10] , Chomsamutr and Thiyagu et al [19] , Saini and Parkash [20] , Saini et al [21] , Soni et al [22] , Shunmugesh et al [23] , Kumar [24] , Sastry et al [25] , Revankar et al [26] , Mahajan et al [27] , Shihab et al [28] , and Gupta and Kohli [29] . Most recently, are the works of Khan et al [30] , Devkumar et al [31] , Devi et al [32] , Rajpoot et al [33] , Khidhir et al [34] , Agrawal et al [35] , Ranganath et al [36] , and Chandra and Prasad [37] . The RSM as used in these works were based on a variety of design of experiment in which the generated data were analyze in a variety of software environment. Also, a variety of work-piece materials, cutting tools, lathe machines, and parameter measurement instruments were used; and a variety of process variables and constants, and performance variables were investigated; with results obtained from surface roughness data in close semblance. The works of Kassab and Khoshnaw [38] , Han et al [39] , Cahuc et al [40] , Delijaicov et al [41] , Rogov and siamak [42] , [43] are equally relevant, but essential to the machining induced vibration of either the cutting tool or work-piece. The same RSM, based on the central composite (CC) design of experiment, is used in this work to model, predict and optimize the machining induced vibration and surface roughness as functions of the tool nose radius, feed rate, and the depth of cut during hard turning of 41Cr4 alloy special steel, with a carbide cutting tool of the type F30, on a conventional lathe machine, using a surface roughness tester of the type ISR-16 and a vibration meter with transducer of the type 908 BE for the measurement of the surface roughness and machining induced vibration, respectively. Data analysis was performed in Design Expert, version 9.2.6.1 environment.
Materials, Equipment and Method
Work-Piece Material. Chemical analysis and mechanical tests on sample of the selected workpiece material, was performed at Standards organization of Nigeria, Emene, Enugu, to establish its chemical composition and mechanical properties, respectively. The outcome, as given in Tables 1  and 2 , revealed it to be the 41Cr4 quenched and tempered (QT) alloy special steel. Its material number is 1.7035, and equivalent grades are SAE-AISI 5140, BS 530M40, EN 10083-3 or EN18, and VC140, which have no semblance with those previously investigated. FUHONG's technical report on special steels claims 41Cr4 to be one of the most widely used alloy steel. It recommends it for driving elements like crankshafts, front vehicle axles, axle journals and steering components. It also reveals that, after quenching and tempering (QT) heat treatment, 41Cr4 alloy steel has good overall mechanical properties, low temperature impact toughness and hardenability. It can get higher fatigue strength after oil cooling. Its machinability is good when subjected to normalizing and QT conditions, but its weldability is not good, and as a result, cannot easily be produce when subjected to welding conditions. For the turning experiment, specimen work-piece of this material are round bars ( Fig. 1 ) having dimensions of diameter, 25 mm, and length, 150 mm. Processing Equipment. The turning experiment was conducted using a conventional lathe machine, that is, YUCY6240B Engine Lathe, with serial number: 2008031074 ( Fig. 2a ), and a carbide cutting tool of the type F30 (Fig. 2b ). The tool insert has overall dimensions of 25 mm x 25 mm x 12.5 mm. It also has a back rake angle of 10 o , side rake angle of 12 o , side relief angle of 5 o and a side cutting edge angle of 15 o .
(a) (b) Input Variables. Tool nose radius (A), feed rate (B) and depth of cut (C) are the selected process or input variables. Others were kept constant within experimental limits. Tool nose radius (A) is the radius of the tool cutting point. It is measured in mm. Feed rate (B) is the speed of the cutting tool relative to that of the work-piece as the tool takes a cut along the axis of the work-piece [2] . It is measured in mm per revolution. The depth of cut (C) is taken along the radius of the work-piece as the tool cuts into it in a turning operation [2] . It is measured in mm. It is believed that these variables have influence on the surface roughness ( a R ) and machining induced vibration ( i V ), the extents of which are being investigated. Within limits as given in Table 3 , the variables A, B and C can be set such as to minimize a R and i V , and hence, improve on the quality of the machined part.
Output Variables. Surface roughness ( a R ) and machining induced vibration ( i V ) are the selected output or performance variables. According to Kumar and Uppal [2] , a R is a measure of the texture of a surface. In quantitative terms, it is the vertical deviations of a real surface from its ideal form. Whereas a large deviation implies a rough surface, a small deviation implies a smooth surface. Hence, roughness of a surface is considered to be the high frequency, short wavelength component of a measured surface, and determines how a real object will interact with its environment. Note that, rough surfaces wear faster and have higher friction coefficient than smooth surfaces. Roughness of a surface may form nucleation sites for cracks or corrosion, promote adhesion, and may be very expensive to control in manufacturing. It is measured in microns, micro-meters or micro-millimeters. An inside surface roughness tester, ISR-16 ( Fig. 3a ) was selected for measurement of the surface roughness. Measurements of a R were taken at three different positions, which were located at 120 o on surface and about the axis of the work-pieces. The average of these values represented the surface texture of the turned surface. According to Sahoo [5] , a R [µm] is the center line average roughness. It is also known as the arithmetic deviation of the surface height from the mean line through the profile. The mean line separates the profile above and below it by equal area.
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(a) (b) Fig. 3 . (a) Surface Roughness Tester, ISR-16; (b) Vibration Meter with Transducer, 908 BE During machining, vibrations may occur due to sudden clash of a tool against a work-piece, irregular tissues of the work-piece, regular excitation due to asymmetric torque, and due to bearing defects. A sudden clash of a tool against a work-piece occurs at the cutting zone, and has been referred to as self-excited vibration, or if excessive, as chatter [38] , [39] , [40] . Chatter may give rise defective machined surface, and excessive wear and breakage of the cutting tool. Self-excited vibration is induced at the cutting zone due to interaction of the cutting tool, chips and work-piece during machine, and therefore, is referred to here as machining induced vibration. It has influence on the surface roughness of machined components [41] , [42] , [43] , but because it cannot be manipulated or controlled, though can be measured, it is treated here as a response variable, measured as an acceleration amplitude in m/s 2 . A vibration meter with transducer, type 908 BE ( Fig. 3b ), was selected for its measurement. The level of tool vibration was measured using a vertical data of a transducer mounted near to the tip and connected to the vibration meter. The data for each sample included amplitude of displacement and velocity of the point on the cutting tool. The acceleration, thereafter, was calculated from the relation between the displacement, velocity and acceleration.
Design and Analysis of Experiment. In order to minimize the number of runs or trials, optimize values of parameters, assess experimental error, make qualitative estimation of parameters, and to make inference regarding the effect of parameters on the characteristics of the process (Aggarwal and Singh, 2005) , it is essential to adopt any of the techniques of design of experiment for the turning experiment. In this work the response surface methodology (RSM), based on central composite (CC) design of experiment (DOE), was selected for the modeling, prediction and optimization of a R and i V as functions of A, B and C in the turning experiment. RSM is a mathematical as well as a statistical technique meant for the modeling and analysis of problems involving a response of interest as a function of several variables Sahoo [5] . It is adopted in machining process modeling and analysis to facilitate its optimization. Using RSM, machining response Y may be defined as:
is the response surface function in the form of a polynomial model, i
x are the process variables and e is the residual or experimental error. The second order polynomial or quadratic model may, therefore, be written as:
In this form (Eq. 1), the multiple regression model has linear, square and cross-product terms. It can satisfactorily be used to correlate dependent variables, j φ , with independent variables, i x . The
and ij b of the regression models may be estimated using a number techniques for design of experiment (DOE). For the problem studied the central composite (CC) was selected for the design of the turning experiment. Analysis of variance (ANOVA) was used to validate the developed models, and also, to predict the effect of selected factors A, B and C on the response characteristics, i V and a R . Optimization of the response functions,
subject to constraints as determined by the limits of the factors A, B and C was performed as appropriate using standard optimization technique. The RSM was implemented in the Design Expert 9 software version 9.0 6.2 environment.
Procedure of the Turning Experiment.
In the setup of the turning experiment ( Fig. 4) , twentyseven (27) specimen 41Cr4 alloy steel bars (Fig. 1) were turned on the conventional lathe ( Fig. 2a ) with carbide tool insert (Fig. 2b) following a central composite (CC) design of experiment (DOE) in which factor combinations and sequence were appropriate for efficient data collection and analysis. Measurements of the machining induced vibration data were taken three times using a vibration transducer (Fig. 3b ) placed on the tool post near the cutting zone. The data was transmitted to the vibration meter (Fig. 3b ), and read out as displacement and velocity. The average cutting tool acceleration was determined from the general relations between displacement, velocity and acceleration. Also, measurements of the surface roughness were taken at three (3) different locations, 120 o from each other, on the machined surface using a surface roughness tester (Fig. 3a) .
The average values were recorded. 
Results and Discussion
All factors that could introduce error were duly considered and minimized as appropriate when conducting the turning experiment. Table 4 shows the data generated from the turning experiment.
Results of its analysis in the environment of the Design Expert software, version 9.0.6.2, are presented and discussed as follows:
Machining Induced Vibration Data. Table 5 is the model summary statistics. It suggests a quadratic model to be more accurate as predicted by the least of the standard deviation of 0.008338 and PRESS of 0.003038, and also, the highest of the adjusted R-square of 0.9947 and predicted Rsquare of 0.9911. As a result the model terms are significant, and the model is not aliased. Table 6 is ANOVA for the response surface quadratic model for i V . It confirms the significance of the model, and its capability for accurate prediction of i V within the selected limits. It also, confirms the model terms A, B, C, A 2 , B 2 , C 2 , AC, AB and BC as being significant, and good predictors of i V . For the linear terms, C has dominant influence on i V followed by B, and then, A. For the square terms, C 2 has dominant influence on i V followed by A 2 , and the B 2 . For cross-products terms, AC has dominant influence on i V followed by BC, and then, AB. In Table 7 , the predicted R-square of 0.9911 is found to be in reasonable agreement with the adjusted R-square of 0.9947 since the difference of 0.0036 is less than 0.2. The adequacy precision of 79.796, greater than 4, is a desirable signal to noise ratio. This indicates that there is adequate signal, and that this model can be used to navigate the design space. 
In Fig 5a, a plot of the predicted values of i V , generated from Eq. 3, against the actual values i V illustrates how well the predicted i V data fits the actual data. In Fig 5b, the machining induced vibration i V is found to have nonlinear relationship with factors A, B and C. Effect of these factors on i V became much more significant at the higher levels of these factors, when compared to that at lower levels. At higher levels of these factors, i V decreased with increase in A, but increased with increase in B and C from the reference point. At lower levels of the factors, i V increased with increase in A, but decreased with increase in B and C toward the reference point. The implication of the behavior is that i V is minimized when the factors except A are set at lower level of their values. These behaviors can also be seen in the contour and response surface plots given in Figs 6 to 8. It can as well be attributed to the observed multiple interaction between factors. Surface Roughness Data. In Table 8 , the model summary statistics reveals a quadratic regression model suggested as being adequate for accurate fitting of the surface roughness data. It recorded a standard deviation of 0.28, R-square value of 0.9839, adjusted R-square value of 0.9754, and predicted R-square value of 0.9654. In Table 9 , analysis of variance (ANOVA) shows the model is significant for accurate prediction of the surface roughness a R within the design limits of factors A, B and C. The influence of model terms, A, B, C, A 2 , B 2 , C2, AB, AC and BC on a R is equally shown to be significant. For the linear terms, B has dominant influence on a R followed by C, and then, A. Whereas, for the square terms, A 2 has dominant influence on a R when compare to B 2 , the least being C 2 . For the cross-product terms, AB has dominant influence on a R followed by AC, with the least being BC. The quadratic model statistics, given in Table 10 , shows the predicted Rsquare value of 0.8903 is in reasonable agreement with the adjusted R-square value of 0.9270, since the difference of 0.0367 is less than 0.2. The adequacy precision of 22.671, greater than 4, is a desirable signal to noise ratio. This indicates that there is adequate signal, and that this model can also be used to navigate the design space. The response surface models of the surface roughness ( a R ), given in terms of the coded factors (Eq. 5) and actual factors (Eq. 6), are given as follows: 
As given in Fig 9a the values of the surface roughness, a R , as predicted, are generated from Eq. 6, and a plot of a R against its actual values illustrates how well the predicted a R data fits the actual data. As shown in Fig 9b, a R has nonlinear relationship with factors A, B and C, and that the influence of these factors on a R is equally significant at lower and higher levels. It is important to note that at higher levels of these factors, a R increased with increase in A and B, but decreased with increase in C from the reference point; and that, at lower levels of the factors, a R decreased with increase in A and B, but increased with increase in C toward the reference point. These behaviors have implication of a R being minimized when the factors A and B are set at the neighbourhood of the intermediate level of their values, and the factor C set either at the extreme low or high level of its value. They can also be seen in the contour and response surface plots given in Figs 10 to 12. They can be attributed to the observed multiple interactions of factors.
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IJET Volume 7 Parameter Optimization. The two undesirable as well as uncontrollable process characteristics that are required to be minimized to improve on product quality are the machining induced vibration ( i V ) of the cutting tool, and the surface roughness ( a R ) of the specimen work-piece. Both were measured using standard instruments in the turning experiment. As given in the ramps of Fig  23, the optimum setting of the factors, A at 1.71718 mm, B at 0.158695 mm/rev, and C at 1.133095 mm, would minimize i V to a value of 0.08 mm/s 2 and a R to a value of 6.056 µmm with desirability of 0.830, which occurred within the selected design space. As shown in Fig 13 and confirmed ) should have influence on surface roughness ( a R ) as it impacts negatively on the cutting zone in the turning operations. However, as shown in the plot of a R versus i V given in Fig 14, there is nonlinear relationship, but no significant correlation between these process characteristics within the experimental design limits as can be seen from the R-square value of the trend line of 0.0561, but there may be correlation outside these limits.
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Conclusion
The response surface methodology, based on the central composite design of experiment was used to model, predict and optimize the machining induced vibration of the cutting tool and surface roughness of the work-piece as functions of the tool overhang, feed rate and depth of cut. A turning experiment was conducted on 41Cr4 alloy special steel on conventional lathe with standard cutting tool and response parameters measuring instruments. Analyses and optimization of the response characteristics data was performed in the Design Expert version 9.0.6.2 software environment. It was found that: a. Within limits of the selected factors, the developed quadratic regression models can be used for accurate prediction of the selected process and quality characteristics. b. A Nonlinear relationship was found to exist between the machining induced vibration of the cutting tool and the tool nose radius, feed rate and depth of cut. At the higher levels of their values, the effect of these factors on the machining induced vibration is more significant when compared to the same effect at lower levels of their values. The machining induced vibration would be minimized when the factors are set at values within the lower levels of the factors near the reference point. An exception is the tool nose radius whose value must be set at higher level away from the reference point. c. Also a nonlinear relationship was found to exist between the surface roughness of the workpiece and the tool nose radius, feed rate and depth of cut. The effect of the tool nose radius and feed rate on the surface roughness are quite significant both at lower and higher levels of their values. There is no significant effect of the depth of cut on these parameters. The surface roughness is minimized at neighbourhood of the intermediate levels of the factors. An exception is the depth of cut whose value set at the high level would lead to minimization of the surface roughness d. Within the selected design space, the optimum setting of the considered factors, A at 1.71718 mm, B at 0.158695 mm/rev, and C at 1.133095 mm, would minimize i V to a value of 0.08 mm/s 2 and a R to a value of 6.056 µmm with desirability of 0.830. e. There is nonlinear relationship and no significant correlation between the surface roughness and the machining induced vibration, as can be seen from the R-square value of 0.0595. This is possible only within the selected design space. However, there may be correlation outside this limits. 
